In the β-D-galactopyranoside-binding protein galectin-3, synthetic inhibitors substituted at the 3-position of a thiodigalactoside core cause the formation of an aglycone binding pocket through the displacement of an arginine residue (Arg144) from its position in the apoprotein. To examine in detail the role of different molecular interactions in this pocket, we have synthesized a series of nine 3-(4-(2,3,5,6-tetrafluorophenyl)-1,2,3-triazol-1-yl)-thiogalactosides with different para substituents and measured their affinities to galectin-3 using a fluorescence polarization assay. High-resolution crystal structures (<1.3 Å) have been determined for five of the ligands in complex with the C-terminal domain of galectin-3. The binding affinities are rationalised with the help of the three-dimensional structures and quantummechanical calculations. Three effects seem to be involved: Firstly, the binding pocket is too small for the largest ligands with ethyl and methyl. Secondly, for the other ligands, the affinity seems to be determined mainly by desolvation effects, disfavouring the polar substituents, but this is partly counteracted by the cation-π interaction with Arg144, which stacks on top of the substituted tetrafluorophenyl group in all complexes. The results provide detailed insight into interactions of fluorinated phenyl moieties with arginine-containing protein binding sites and the complex interplay of different energetic components in defining the binding affinity. † Electronic supplementary information (ESI) available. See
Introduction
Structure-based drug design relies on careful analysis of protein-ligand interactions and the structure and dynamics of ligand and binding sites. Improving binding affinity involves modulating the specific interactions that the ligand makes with the binding site by modifying or substituting chemical moieties in the ligand. 1 Investigating such specific interactions requires information about the protein-ligand complex that is often obtained from crystal structures and affinity data. 1 Structural analysis of protein-ligand complexes identifies potential binding interactions and steric restrictions, providing insight into design of new ligands with enhanced binding affinity. However, the energetic components contributing to the binding affinity are not always self-evident from an inspection of the crystal structure.
The drug target of interest here, galectin-3, belongs to the galectin super-family that has 14 members in humans. All galectins have a conserved carbohydrate recognition domain (CRD) that binds β-D-galactopyranosides, and the binding site is a shallow, hydrophilic pocket formed by β-sheets and loops. 2 Galectins are found everywhere in the cell. They are involved in cell growth, differentiation, cell-cycle regulation. 3 Their role in cancer, immunity and inflammatory conditions is welldocumented, making them attractive therapeutic targets. [4] [5] [6] [7] [8] [9] Galectins bind galactosides with affinities in the millimolar range. Suitable modifications of galactose at the C3 position to introduce specific groups improves the binding affinity drastically to micromolar and even nanomolar affinity. A wealth of structural data is available for the galectin-3 CRD in complex with different compounds [10] [11] [12] [13] [14] [15] and we have recently reported the structures of high-affinity phenyltriazole thiogalactosides in complex with galectin-3. 16 This ample availability of structural and affinity data makes galectin-3 an excellent model protein for studying protein-ligand interactions. The high galectin-3 affinity of thiodigalactosides with mono-to trifluorinated 3-(4aryl-1,2,3-triazol-1-yl) moieties at C3 has been explained using X-ray crystallography by orthogonal multipolar fluorine-amide interactions with backbone amides and a cation-π interaction with Arg144. 15 Arg144 is raised from its normal position in a water-mediated salt bridge on the surface of galectin-3 by the influence of fluorinated phenyl moieties on synthetic ligands, which creates a small pocket beneath Arg144 that could accommodate a larger substituent than fluorine in the para position on the phenyl ring.
Herein we report on a systematic probing of the binding interactions near Arg144 in galectin-3 by varying the para substituent on 2,3,5,6-tetrafluorophenyltriazoles through affinity measurements using fluorescence polarisation combined with structural analysis and quantum-mechanical calculations.
Experimental section

General
All reagents and solvents were dried prior to use according to standard methods. Commercial reagents were used without further purification. 2,3,5,6-tetrafluoro-4-hydroxyphenylacetylene was synthesized following a published procedure 17 for the alkene analogue and it used without purification. Analytical TLC was performed using on silica gel 60 F 254 (Merck) with detection by UV absorption and/or by charring following immersion in a 7% ethanolic solution of sulfuric acid. Purification of compounds was carried out by column chromatography on silica gel (40-60 μm, 60 Å) and/or preparative HPLC (Agilent 1260 infinity system, column SymmetryPrep-C18, 17 ml min −1 H 2 O-MeCN gradient 10-100% 15 min with 0.1% formic acid). Specific rotations were measured on a PerkinElmer model 341 polarimeter. NMR spectra 1 H, 13 C, 19 F, 2D COSY, HMQC and HMBC were recorded with a Bruker Avance II 400 MHz spectrometer (400 Hz for 1 H, 100 Hz for 13 C and 376 Hz for 19 F) at ambient temperature. Chemical shifts are reported in δ parts per million ( ppm). In the 13 C NMR spectra no signals were observed for the carbons in the fluorinated phenyl or the C4 triazole carbon, due to signal splitting caused by short-and long-range fluorine couplings. However, in the HMBC spectra the cross peak of the triazole C4 and H5 was observed (exemplified in the ESI † for compound 3). HRMS was determined by direct infusion on a Waters XEVO-G2 QTOF mass spectrometer using electrospray ionization (ESI). Compounds 2-10 were of >95% purity according to HPLC-analysis (Agilent series 1100 system, column Eclipse XDB-C18, 0.8 ml min −1 H 2 O-MeCN gradient 5-95% 13 min with 0.1% trifluoroacetic acid).
Synthesis of compounds (2-5)
2.2.1 p-Methylphenyl 3-deoxy-3-[4-(2,3,5,6-tetrafluoro-4hydroxyphenyl)-1H-1,2,3-triazol-1-yl]-1-thio-β-D-galactopyrano-side (2) . To a solution of compound 1 (18 mg, 0.058 mmol), 2,3,5,6-tetrafluoro-4-hydroxyphenylacetylene (16 mg, 0.087 mmol) and CuI (5 mg, 0.029 mmol) in MeCN (3 mL) was diisopropylethylamine (0.03 mL, 0.145 mmol) added. The mixture was stirred for 24 h at 50°C before quenching with sat. aq. NH 4 
To a solution of compound 1 (185 mg, 0.59 mmol) and CuI (28 mg, 0.15 mmol) in MeCN (15 mL) was pentafluorophenylacetylene (0.14 mL, 0.89 mmol) and diisopropylethylamine (0.10 mL, 0.59 mmol) added. The mixture was stirred for 4.5 h at 50°C before quenching with sat. aq. NH 4 Cl followed by evaporation of the solvent. The obtained residue was purified with column chromatography (heptane : EtOAc 1 : 1->1 : 2) to give 3 (295 mg, 99%) as an amorphous white solid.
[α] 20 D 57.6 (c 0.59, CH 3 OH). 1 (4) . A mixture of compound 3 (25 mg, 0.050 mmol) and NaN 3 (5 mg, 0.074 mmol) in dry DMF (5 mL) was stirred at 60°C for 2 days before water was added followed by extraction with EtOAc. The organic phase was washed with brine, dried, evaporated and the obtained residue was purified with column chromatography (heptane : EtOAc 2 : 3->1 : 2) to give 4 (23 mg, 87%) as an amorphous white solid. 
p-Methylphenyl
3-deoxy-3-[4-(4-amino-2,3,5,6-tetrafluorophenyl)-1H-1,2,3-triazol-1-yl]-1-thio-β-D-galactopyranoside (5) . To a solution of compound 4 (12 mg, 0.023 mmol) in dry MeOH (2 mL) was 1,3-propanedithiol (0.009 mL, 0.91 mmol) added followed by Et 3 N (0.013 mL, 0.091 mmol) and the mixture was stirred at rt for 1.5 h. The volatiles were evaporated and the obtained residue was purified with column chromatography (heptane : EtOAc 1 : 1->1 : 2) to give 5 (11 mg, 96%) as an amorphous white solid.
[α] 20 D 58.9 (c 0.79, CH 3 OH). 1 
General procedure for the preparation of compounds (6-10)
Method A for compounds 6-7: Compound 3 (25 mg, 0.050 mmol) was dissolved in ROH (3 mL) and NaOR (1 M, 1 mL) and stirred for 2 days at rt before quenching with dowex. The mixture was filtered and following evaporation of the filtrate the residue was purified with column chromatography (heptane : EtOAc 1 : 1->1 : 2).
Method B for compounds 8-10: A mixture of compound 3 (20 mg, 0.040 mmol) and K 2 CO 3 (16.5 mg, 0.12 mmol), amine (x, 3 equiv.) and DMF (3 mL) was stirred for (t ) time at 50°C. After evaporation of the solvent the residue was purified with column chromatography (heptane : EtOAc 1 : 1->1 : 2). 13 20 D 48.7 (c 0.78, CH 3 OH). 1 
Competitive fluorescence polarization experiments determining galectin-3 affinities
Human galectin-3 was expressed and purified as earlier described. 18 Fluorescence polarization experiments were performed on a PheraStarFS plate reader with software PHERAstar Mars version 2.10 R3 (BMG, Offenburg, Germany) and fluorescence anisotropy of fluorescein tagged probes measured with excitation at 485 nm and emission at 520 nm. Experiments were performed at 20°C with galectin-3 at 0.20 µM and the fluorescent probe 3,3′-dideoxy-3-[4-(fluorescein-5-yl-carbonylaminomethyl)-1H-1,2,3-triazol-1-yl]-3′-(3,5-di-methoxybenzamido)-1,1′-sulfanediyl-di-β-D-galactopyranoside 19 (K d 80 nM) at 0.02 µM as previously described. 10, 15, 19 Compounds were dissolved in neat DMSO at 20 mM and diluted in PBS to 3-6 different concentrations to be tested in duplicate. K d averages and SEM were calculated from 4 to 25 single-point measurements from at least two independent experiments showing between 20-80% inhibition.
2.5 Crystallization of galectin-3 C-terminal domain with compounds (2-5) and (8) Solutions of the C-terminal CRD of galectin-3C 2 (19.2 mg ml −1 in 10 mM phosphate pH 7.4, 100 mM NaCl, 10 mM β-mercaptoethanol and 2 mM EDTA) were mixed with crystallization solution (20% PEG 4000, 0.1 M Tris/HCl pH 7.5, 0.4 M NaSCN, 7.9 mM β-mercaptoethanol). Crystallization drops of 2 + 2 µL were set up over 0.5 mL reservoir solution. The crystals obtained were soaked with compounds. Compounds 2-5 and 8 were dissolved in DMSO to obtain highly concentrated stocks. These stocks were then diluted with PEG400 (final concentration 30%), as the compounds were highly insoluble in water, then a ligand cocktail was prepared using crystallization reservoir and the ligand stock to obtain a final compound concentration of 10 mM. Crystals were placed in 4 µl of these cocktails and left for 15-20 hours. These soaked crystals were flashcooled in cryoprotectant solution (15% PEG400, 25.5 w/v % PEG 4000, 250 mM NaSCN, 85 mM Tris/HCl pH 7.5, 2.5 mM ligand concentration).
2.6 Data collection and structure solution of galectin-3C in complex with compounds (2-5) and (8) Data for compounds 3-5 and 8 were collected at 100 K at station I911-3 of the MAX-II synchrotron, Lund, Sweden (λ = 1.0000 Å), equipped with a marMosaic 225 mm CCD detector. 300-360 images with 0.5°rotation and 1-3 seconds exposure times were collected for 3-5 and 8. Data for 2 were collected at ID23-2, ESRF, France on a DECTRIS PILATUS3 2M detector. 600 images were collected with 0.5°rotation and 0.2 seconds exposure time. Data for all structures were integrated using XDS and scaled using XSCALE. 21 The structures were refined using phenix.refine 22 and PDB entry 3ZSL (stripped of water molecules and alternate conformations) as starting model, first by rigid-body refinement. Five percent of the total reflections chosen at random were set aside for cross validation. The models were then subjected to model building and maximum likelihood refinement, gradually increasing the resolution to the highest resolutions with anisotropic B factors. After initial refinement of the protein coordinates in phenix.refine, 22 the coordinates of 2-5 and 8 were fitted to the electron density using Coot. 23 Further model building and manipulations were done in Coot. Restraints were generated using eLBOW 24 from Phenix for 3-7. The structures were refined until convergence and individual anisotropic atomic displacement parameters for each atom were refined. Water molecules were added to positive difference density peaks more than 4.5 or 5 σ above the mean and also present in the 2m|F o | − D|F c | map at the 1 σ level. Riding hydrogen atoms were added in the final stages of refinement. Refinement statistics are listed in Table S1 . † Molecular images were generated using PyMOL (Schrodinger LLC). Model validation and analysis were performed using MolProbity 25 and PDB_REDO. 26 Coordinates have been deposited in the Protein Data Bank with accession numbers 6I75 for compound 2, 6I74 for compound 3, 6I76 for compound 4, 6I77 for compound 5 and 6I78 for compound 8. For detailed structure refinement statistics, please refer to Table 1 in the ESI. †
Quantum mechanical calculations
Four sets of quantum-mechanical (QM) calculations at different levels of theory were employed to obtain energies that can help to explain the differences in binding affinity of compounds 2-9 to galectin-3. All QM calculations were performed with the Turbomole 7.2 software. 27, 28 In all systems, ligands were modelled as the isolated fluorine-substituted benzene moiety by replacing the remaining part of the ligand with a hydrogen atom.
In the first set, we calculated the energy of rotating the variable group of compounds 2, 4, 5, 6 and 8 out of the plane of the tetrafluorophenyl group by changing the value of a C-C-X-Y dihedral angle from 0°to 90°in increments of 10°, where the first and the second carbon atom belong to the ring, whereas the X and Y atoms belong to the varying group (in case of compound 8, Y atom is carbon). For each dihedral angle value, optimization of all the other degrees of freedom was performed at the B3LYP-D3/def2-SV(P) level of theory. [29] [30] [31] [32] [33] In the next two sets of calculations, we calculated the interaction energy between ligands and three nearby residues, Ser237-Gly238 and Arg144. We performed separate calculations for each of the two residues. The amide group of Ser237-Gly238 was modelled as CH 3 -CO-NH-CH 3 , and the side chain of Arg144 was modelled as [CH 3 -NH-C(NH 2 ) 2 ] + . The coordinates were taken from the crystal structures. Arg144 has two conformations in complex with compounds 3 and 5, and for these, we performed separate calculations on both conformations. The calculations were performed at the TPSS-D3/def2-TZVP level of theory. 32, 34, 35 The interaction energy for each compound-residue system was calculated from three single-point calculations as
Finally, we calculated the solvation free energies for compounds 2-9, using the conductor-like screening model for real solvents (COSMO-RS), 36, 37 with the dielectric constant for water ε r = 80 and optimized radii for all atoms. 38 These calculations were based on two single point BP86 calculations 29, 35, 39 with the TZVP basis set, 40 as is requested by the method, one in vacuum and one in a continuum solvent with an infinite dielectric constant. 36, 37 
Results and discussion
Nucleophilic aromatic substitution of the p-fluorine in 3 with alcohols, amines and NaN 3 gave tetrafluoroaryltriazoles 4 and 6-10, while reduction of azide 4 resulted in amine 5.
The inhibition potencies of thiogalactosides 2-10 were evaluated towards galectin-3 using a previously described competitive fluorescence polarization assay 10, 20 and the results are presented in Table 1 . The pentafluorophenyl 3 had an affinity of 3.4 μM to galectin-3. Any replacement of the fluorine in the para position led to a drop in affinity. Replacing the fluorine with an amine (5) or azide (4) resulted in a 2-3-fold decrease, while replacement with a hydroxyl (2) resulted in a 7-fold decrease. Adding methyl groups (8-9) to amine 5 further decreased the affinity 2-fold per methyl group, while adding a methyl group (6) to the hydroxide 2 did not affect the affinity. Fluorine replacement with a bulkier ethoxy group (7) resulted in an almost 5-fold decrease in affinity compared to methoxide 6, which is indicative of steric restrictions in the binding pocket. This is further demonstrated by the even bulkier pyrrolidine (10) that does not bind galectin-3 at all at the concentrations tested.
Structural analysis of thiogalactosides 2-5 and 8 in complex with the galectin-3 CRD (galectin-3C)
In order to further investigate the binding interactions in the pocket below Arg144, high-resolution X-ray structures (all <1.3 Å resolution; see Table S1 in the ESI †) of thiogalactosides 2-5 and 8 in complex with galectin-3C were determined. X-ray structures of thiogalactosides 6-7 and 9-10 could not be obtained owing to solubility issues. The structures revealed a virtually identical binding mode for the galactose unit as earlier reported in many publications, and the triazole extends the para-substituted tetrafluorophenyl group into the pocket below Arg144. 15 The superimposition of all crystal structures (Fig. 1) shows that the ligands reside in the binding pocket in a similar manner to that reported previously. The anomeric S-tolyl group of the ligands is disordered, and in this work, focus is on the phenyl group below Arg144 and its para-substituents. Fig. 1 also shows that Arg144 adopts two principal conformations, either directly above the phenyl ring or above the para substituent, depending on the nature of the phenyl substitutions. Arg144 has split occupancy in the crystal structures of 3 and 5. This is likely due to a weakened cation-π interaction as a result of the electron-withdrawing fluorines. The N-methyl group in 8 is oriented above the phenyl ring plane towards Arg144. As a result, Arg144 resides only above the phenyl ring in this complex, while for both 2 and 4, Arg144 shows a single conformation directly above the para substituent.
Compound 2 has the lowest affinity among the successfully crystallized ligands. The phenolic proton in 2 is, based on the pK a value of 5.7 for pentafluorophenol, 42 likely to be deprotonated, and the resulting anion could interact favourably with the cation of Arg144. However, as will be discussed below, it will be more disfavoured by desolvation effects than the other ligands. Besides the interaction with Arg144, the Fig. 1 Superimposed view of the five crystal structures showing the ligand and neighbouring protein residues. The galactose moiety forms a hydrophobic stacking interaction with Trp181, the triazole linker extends the tetrafluorophenyl group in to the pocket near Arg144, which makes a cation-π interaction with the tetrafluorophenyl group. Ligands 2, 3, 4, 5, and 8 are shown in yellow, green, purple, magenta and light blue colours, respectively (also for Arg144). binding site is unable to stabilise the negative charge on the ligand. For example, Ser237 shows two conformations as for the other ligands, and only one of these forms a rather weak hydrogen bond to the hydroxyl group of the ligand (O-O distance of 3.4 Å).
The azide in 4 is located in-plane with the phenyl ring and pointing outwards to solution, because the connecting nitrogen is sp 2 hybridized and orienting it inwards to the protein would result in a steric clash with Ile145. The single occupancy of Arg144 in the complex with 4 may be due to a more favourable interaction with the π-system of the azide than with the phenyl ring of 3. The azide group is within hydrogen bonding distance of three water molecules (Fig. 2c) , which may stabilize the ligand, resulting in better affinity than other compounds except 3. Most of these water molecules are present at very similar positions in all complexes, but they make more interactions with 4 than with the other ligands.
Compound 3 has the highest affinity, showing that fluorine is the best candidate at the para position. This fluorine atom forms multipolar orthogonal interactions with a nearby peptide bond (Gly238; Fig. 2f ) which increases the affinity. The fluorine atom is at a distance of 3.0 Å from the N atom of the backbone and 3.6 Å from the carbonyl C atom.
Quantum mechanical calculations
To rationalize the affinities and the structural observations, we have made a number of quantum mechanical (QM) calculations with compounds 2-9. First, we calculated the potentialenergy surface for rotation of the varying para substituent of 2, 4-6, and 8 out of the plane of the tetrafluorophenyl group (Fig. 3) . It can be seen that ligands with OH (2) and N 3 (4) attain their energy minima with the substituent in the plane of the phenyl group. This is in accordance with the crystal structure of the azide 4 in complex with galectin-3. The other three ligands (5, 6, and 8) attain a shallow minimum around ∼20°, which probably reflects a competition between conjugation (favouring an angle of 0°) and the bulk of the methyl groups of 6 and 8, which prefer a larger dihedral. The figure indicates that ligand 8 with NHMe, for which the angle is 72°in the crystal structure, is strained by ∼8 kJ mol −1 , which might be compensated by polar interactions with the NH groups, although no such interactions are obvious from the crystal structure.
Next, we calculated the interaction energy between the pentafluorophenyl group of 3 and the backbone amide group of Ser237-Gly238 (modelled by CH 3 -CO-NH-CH 3 with coordi- nates taken from the crystal structure). It was 6 kJ mol −1 , which is of the expected size for an F-amide interaction. 43 On the other hand, ligand 5 gave the same interaction energy (6 kJ mol −1 ) with an amide group.
Third, we calculated the COSMO-RS solvation free energies of the nine para-substituted tetrafluorophenyl groups 2-9 (not pyrrolidine 10). The results are shown in Fig. 4 as a function of the measured binding affinities. It can be seen that for the OEt (7), NMe 2 (6) and OMe (9), the estimated solvation free energies are small, −1 to −3 kJ mol −1 , and there is no correlation with the binding free energies. However, for the F (3), N 3 (4), NH 2 (5) and OH (2) substituents, there is a good negative correlation to the binding affinity (R = −0.95). The ligand with the NHMe (8) substituent also falls close to the correlation line, albeit reducing the correlation to −0.83 if included. Taken together, these results indicate that the observed affinities can be explained by two effects. The alkylated substituents, especially OEt (7), are too large and steric effects give a low affinity, decreasing further with the number of methyl groups on the substituent. For the other ligands, the affinity is determined by desolvation effects: in the binding site, the ligand is partly buried by the protein and is less solvated than in water solution. This desolvation is modest for the F and N 3 ligands (3 and 4), which form poor hydrogen bonds and therefore give low solvation energies (>−5 kJ mol −1 ). However, for the NH 2 and OH ligands (5 and 2), the effect is large and pronounced. The effect would be even larger if the OH ligand 2 is deprotonated (the calculated solvation energy is −240 kJ mol −1 ). For the NHMe ligand 8, both steric and desolvation effects seem to be significant.
Finally, we also calculated the interaction energy between Arg144 and the substituted tetrafluorophenyl groups, using the geometry from the crystal structure (and two different Arg144 conformations for the F and NH 2 ligands 3 and 5). The results are also included in Fig. 4 (red symbols and line) . It can be seen that all ligands give a large cation-π interaction energy of 18-27 kJ mol −1 . All groups give lower interaction energies with Arg144 than an unsubstituted benzene group (−37 kJ mol −1 ). The interaction energies of the two Arg144 conformations for the F and NH 2 ligands 3 and 5 differ by 3-6 kJ mol −1 (compared to 1 kJ mol −1 for benzene, using the two conformations for pentafluorophenyl 3). The average interaction energies show a good anti-correlation with the ligandbinding affinities (R = −0.87) and a correlation with the solvation energies (R = 0.78), illustrating that all three depend on the polarity of the ligand. Thus, the interaction with Arg144 partly counteracts the desolvation penalty and the difference of these two energies give an excellent anti-correlation to the binding free energies of −0.91, although the slope is rather large at 1.7 (the same as that of the interaction with Arg144, but half as large as that of the solvation free energy).
Conclusions
A series of 2,3,5,6-tetrafluorophenyl derivatives 2-10 with different para substituents were synthesized to analyse in detail the binding interactions within a small pocket beneath Arg144 in galectin-3. The most potent para substituent was the fluorine (3) that forms a fluorine-amide interaction with the backbone amide of Ser237-Gly238. However, the QM interaction energy between the backbone of Ser237-Gly238 and ligand 3 is not larger than for some of the other ligands, e.g. 5. Instead, the relative affinities seem to be determined by three effects: First, the pocket beneath Arg144 is not large enough for bulkier groups, e.g. -NMe 2 (9) and -OEt (7) . Second, the solvation energy decreases strongly in the series 2-5-4-3 (OH-NH 2 -N 3 -F), implying that the desolvation penalty also decreases in this series, closely following the affinities of these ligands. However, this effect is partly counteracted by the interaction energy of the substituted tetrafluorophenyl group with Arg144, which becomes less favourable in this series (cf. Fig. 4 ). Taken together, given the frequency of employing fluorinated phenyl moieties and substituted derivatives thereof in drug design and drug discovery, the results presented here provide further in-depth insight into the sometimes conflicting driving forces behind such the interactions of such moieties in arginine-containing protein binding sites.
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